Abstract: Electrolyzed water accelerated the healing of full-thickness cutaneous wounds in rats, but only anode chamber water (acid pH or neutralized) was effective. Hypochlorous acid (HOCl), also produced by electrolysis, was ineffective, suggesting that these types of electrolyzed water enhance wound healing by a mechanism unrelated to the well-known antibacterial action of HOCl. One possibility is that reactive oxygen species, shown to be electron spin resonance spectra present in anode chamber water, might trigger early wound healing through fibroblast migration and proliferation.
stored in PET bottles, the pH and ORP of all 6 types of water remained stable for at least a month.
Forty-two Wistar rats (8 weeks old) were randomly assigned to 6 experimental groups, housed in individual metabolic cages at 25°C, and fed rodent chow and water ad libitum. Under pentobarbital anesthesia, the back was shaved and two 1.0 cm square, full-thickness cutaneous wounds were made, one behind the other and 1.5 cm apart, on the back of each animal. In each rat, 1 wound (selected randomly) was treated twice a day for 7 days with 1 of the 6 types of water described previously; the other wound was left untreated. The rat was observed carefully until the water was absorbed by the wound to ensure that no spillage occurred. The first treatment was administered immediately after surgery. All wounds were allowed to heal without dressings. For 17 days after surgery, wound areas were measured daily by planimetry, using digital video camera images displayed via a personal computer.
Acid and neutralized anode waters were studied by electron spin resonance (ESR; JEOL-JES-RE2X; Nihon Denshi, Tokyo, Japan) with the addition of a spin trapping agent [5,5-dimethyl-1-pyrroline-Noxide (DMPO, Sigma, St. Louis, MO, U.S.A.)] using a flat cell of 1 mm width (4). This was carried out 24 hr after the preparation of the electrolyzed water. The duration of the incubation of the electrolyzed water with DMPO was 2 min. The magnetic field was of 335 ± 5 mT. Signal strength was compared with the signal derived from Mn 2+ (as a control). All protocols were approved by the Animal Research Review Committee of Teikyo University Medical School.
For each group, the results are presented as mean wound area ± SD. The comparison between the areas of water-treated and nontreated wounds was performed using a paired Student's t test. The comparisons among the experimental groups were made using a one-way analysis of variance. When statistical significant was detected, Dunnett's test was used to determine which values differed significantly from those obtained using the nonelectrolyzed ultrapure water. Values of p < 0.05 were considered significant.
Results
As shown in Table 1 , both types of anode chamber water [acidic and neutral: Ac(+) and N(+), respectively] accelerated wound healing (when compared to the effect of nonelectrolyzed ultrapure water) (p < 0.05). This acceleration of wound healing was evident from as early as postoperative Day (POD) 1 in Ac(+) or POD 2 in N(+). The alkaline water from the cathode chamber [Al(−)] showed a slight, but insignificant, tendency to increase healing (compared with the ultrapure water), but the acidic water from the cathode chamber [Ac(−)] and the HOCl solution were both ineffective. All the wounds in all animals were free from signs of infection.
As shown in Fig. 1 , no significant ESR spectrum was observed for untreated acidic anode chamber water. However, when we added a small amount of ferric salt to the anode water (5) to mimic the in vivo experiment, 4 lines suggestive of hydroxyl radicals were observed in the spectrum. Similar ESR spectra were observed for neutralized anode chamber water (in the absence or presence of ferric salt, respectively).
Discussion
The bactericidal action of various types of anode chamber water in the past has been attributed to their HOCl content (1). Since our HOCl solution was without effect on wound healing, we suggest that the anode chamber waters tested here may have a mode of action unrelated to any antibacterial HOCl produced by the electrolysis. One possibility is that free radicals, generated in the anode chamber waters by contact with the wound (Fig. 1) , may be responsible for the very early effect on wound healing seen in this model. This interpretation is supported by the known effects of free radicals on inflammation as well as by what is known of the role of inflammation in the initiation of healing (6) in this model. In our study, differences in pH could not account for the significant difference in the acceleration of wound healing between acidic (pH about 2.5) and neutralized (pH 7.4) anode chamber waters on the one hand, and acidic cathode chamber water (pH about 3.8) on the other. Furthermore, there was no difference in pH or ORP between neutralized anode chamber water (pH 7.4, ORP 749-784 mV) and HOCl (pH 7.45, ORP 780 mV). Thus, ORP presumably did not substantially affect wound healing in our experiment.
Reactive oxygen species were shown to affect DNA synthesis and proliferation in fibroblasts. A low level of these species stimulates DNA synthesis and cell division while a high level inhibits DNA synthesis (the cytotoxicity induced being proportional to the level of reactive oxygen species) (7-9). Moreover, in small amounts, reactive oxygen species were shown to be involved in the mechanism underlying fibroblast chemotaxis into sites of injury or inflammation (10) .
To our knowledge, there is no report clearly explaining the direct beneficial effect of HOCl on wound healing. HOCl generates not only chlorine gas, which is the main cause of the bactericidal effect of HOCl, but also singlet oxygen, which is a reactive oxygen species whose physiological effect is still unknown (11) . Kozol et al. demonstrated that sodium hypochlorite had toxic effects on wound modules (e.g., on neutrophils, fibroblasts, and endothelial cells even at dilute concentrations of 2.5 × 10 −2 % to 2.5 × 1 −4 % (12). Furthermore, wounds created on mouse ears and treated with 0.25% sodium hypochlorite showed delayed epithelialization and neovascularization (13) . This might be the reason that HOCl was without effect in our wound healing model.
In conclusion, acid and neutral anode chamber waters accelerated the healing of full-thickness cutaneous wounds in rats. This effect might be caused by the generation of reactive oxygen species; however, further study is necessary for the elucidation of the mechanism underlying the effects of electrolyzed water on wound healing.
